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METHOD FOR THE DETERMINATION OF LOW-CONCENTRATION 
ANIONS IN THE PRESENCE OF AN EXCESS OF ANOTHER ANION 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to the field of chromatography generally, and more specifically to 
the detection of anions in the presence of an excess of another anion, such as in liquids used in 
semiconductor manufacturing. 

2. Related Art 

Typical known methods of determining the presence of an anion in liquid samples use 
wet-chemistry procedures, which are time consuming and which typically detect and/or quantify 
only one analyte at a time. Some ion-chromatographic methods have been developed to address 
this determination, but detection has typically been by conductivity, absorbance, or amperometry. 

Chromatography is the separation of mixtures of similar species (e.g., sugars, proteins, 
anions). In the technique, there are two "work horses": 1) a stationary phase; and 2) a mobile 
phase. As the names indicate, the first phase does not move but the second one does; both phases 
are selected because they will interact with a mixture's species (also known as analytes). Some 
of the analytes prefer to be in the mobile phase and thus move together out of the system rapidly; 
other species would rather interact with the stationary phase, moving along much more slowly. It 
is this difference in preferences that allows the mixture to be separated. Chromatographic 
systems can be designed very reproducibly, meaning that each mixture component will take a 
specific amount of time to move through the system. This retention time, as it is called, is the 
main way that substances are identified; if a sample component's retention time matches that of a 
known standard, then the two substances are assumed to be the same. Quantitation is achieved 
by measuring the responses of known concentrations of components, and comparing these 
numbers with sample data. 

One large class of chromatographic techniques is known as liquid chromatography (LC). 
Here, the stationary phase is a sand-like substance called a resin, which has been treated with 



-3- 

chemicals to establish specific separating properties. The resin is packed in a thin, cylindrical 
column of, typically, plastic or metal. (Although the term "column" is used herein, the skilled 
artisan will recognize "column" to be a generic term for any separating means.) The mobile 
phase is a Uquid that flows through this column at all times during operation. Ion 
5 chromatography (IC) is a special type of LC. Here, the anions or cations in a mixture are 
separated, using specific resins and mobile phases (called eluents). The eluents usually are either 
bases (for anion separations) or acids (for cation samples). 

The key deficiency with typical ion-chromatographic methods is that there is at least 
O some doubt about the identity of each sample component. There may be an unknown substance 
Ji 0 that has the same retention properties as one of the analytes. In such a case, retention tune alone 
H is not sufficient to establish identification. Another detection technique, known as mass 
if 1 spectrometry, can help in these situations. Here, a substance is ionized so that it will break apart 
itl into fragments. The fragmentation pattern for each chemical is distinct and reproducible from 
one analysis to the next. These facts make mass spectrometry one of the best means of 
"^kS identifying a substance. (Because a mass spectrometer can help detect, identify, and quantify 
hi specific substances, it is often called a specific detector.) 

H Mass spectrometry can be linked with a chromatographic system like IC. The 

chromatography portion (i.e., the separation) is accomplished first. As the eluent exits the ion 
chromatography the liquid is directed into the spectrometer for jfragmentation and identification of 
20 each component. The resulting pattern can often confirm if each substance is the same as what 

the retention time indicates. 

One common problem in the semiconductor art and other arts is that a user of a liquid 
chemical would like to detect and/or quantify one or more anions, which exists in the solution in 
a very minor portion in a huge sea of anions of another type. For example, aqueous acidic 
25 solutions used in semiconductor manufacturing may contain very minor portions of chloride ion 
(Cf) in a very major portion of nitrate ions (NOs"). The same situation can occur in basic pH 
solutions. The problem is particularly acute in strong acid and strong basic solutions. In these 
situations, the strong acids and strong bases are completely dissociated, thereby providing the 
extremely high concentration of the major-portion anion. An example of this is aqueous 



hydrochloric acid (HCl), which is dissociated into positively charged hydronium ions and 
negatively charged chloride ions. It may be necessary or convenient to the user to know how 
much sulfate ion (S04^') is contained within an aqueous hydrochloric-acid solution. 

A combination of liquid chromatography and mass spectrometry is presently used for the 
detection and/or quantification of certain species in so-called "neutral organics" such as drug 
compositions, protein compositions, and the like. However, it does not appear anywhere in the 
art known to the inventor to use a combination of ion chromatography with mass spectrometry to 
detect and/or quantify a very minor portion of an anion in a very major portion of another anion, 
particularly in weak acids, strong acids, and salts thereof 

Summary of the Invention 

In accordance with the present invention, methods have been designed to allow analysis 
(detection, quantification, and/or identification) of trace anions in strong-acid compositions, 
preferably comprising one or more of HCl, HNO3, H2SO4, and the like, as well as in weak-acid 
compositions, preferably comprising one or more of H3PO4, CH3COOH, HF, citric acid, boric 
acid, oxalic acid, trichloroacetic acid, and the like, thus providing reassurance to users of such 
compositions with increasingly restrictive anion specifications. The methods and apparatus of 
the invention may also be used for analysis of trace anions in salts of strong-acid compositions, 
preferably comprising NaNOs, Na2S04, NaCl, and the like, and sahs of weak-acid compositions, 
preferably comprising Na3P04. CH3C00Na, and the like. 

In general, methods of the invention involve first using the ion chromatograph to separate 
the bulk of the excess anion from the analytes of interest. This separation is accomplished by 
using an ion chromatograph's anion separator (hereinafter referred to as a "separator" and defined 
as any means for separating anions fi-om each other). As the analytes exit the separator, they 
enter a suppression device (referred to hereinafter as an "anion suppressor" and defined as any 
device that exchanges the eluent's cations for hydronium ions). Upon leaving the anion 
suppressor, the analytes are trapped on an anion-trapping means, preferably a column; when 
excess anions are exiting the separator, the excess anions are sent to waste by means of a 
switching valve. After the first separation is complete, the trapped analytes are introduced to a 
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second separator, where they are further resolved. As the individual anions of interest exit the 
second separator, they are sent into a second anion suppressor, and then into a mass spectrometer 
(MS) for detection. If necessary, a second switching valve is used to send any remaining excess 
anions to waste, so they do not enter the MS. 
5 The methods of the present invention are novel and non-obvious, and important 

commercially for two reasons. First, as mentioned earlier, the MS is a specific detector. 
Consequently, it does not require as high a degree of analyte resolution as detectors that operate 
on the basis of, for example, conductivity, absorbance, or amperometry. Second, the MS allows 
3 identification of the analytes; detectors that operate on conductivity, absorbance, or amperometry, 
% 0 for example, do not have this feature and do not operate on this basis. 

A preferred process in accordance with the invention is a process for detecting trace 
i quantities of an anion in the presence of an excess of another anion, the process comprising: (a) 
j loading a liquid sample comprising the anion of interest and an excess of another anion onto 
== means selected from the group consisting of an anion concentrator (referred to hereinafter as a 
k 5 "concentrator" and defined as any means to concentrate anions) and a sample loop by flowing the 
j liquid sample there through in a first direction; (b) reversing the direction of flow through the 
: concentrator or sample loop to form an eluent stream; and (c) flowing the eluent stream into a 
mass spectrometer adapted to accept the eluent stream, and using the mass spectrometer for 

detecting the anion of interest. 

20 Preferred processes in accordance with this aspect of the invention are those wherein the 

anion of interest is selected from the group consisting of chloride ion, chlorite ion, chlorate ion, 
perchlorate ion, bromide ion, bromate ion, fluoride ion, nitrite ion, nitrate ion, sulfate ion, sulfite 
ion, chromate ion, iodide ion, borate ion, phosphate ion, polyphosphate ions, thiocyanate ion, 
thiosulfate ion, selenate ion, selenite ion, tungstate ion, arsenate ion, as well as anions of organic 

25 acids such as acetic acid, tartaric acid, phthalic acid, and the like; processes wherein the liquid 
sample comprises compositions selected from the group consisting of strong acids (for example 
aqueous hydrochloric acid, aqueous nitric acid and aqueous sulfuric acid), weak acids (such as 
H3PO4 and CH3COOH, HF, citric acid, boric acid, oxalic acid, and trichloroacetic acid), and saks 
of weak acids and salts of strong acids. Further preferred are processes wherein a plurality of 
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anions of interest are identified in a single liquid sample comprising a composition selected from 
the group consisting of a strong acid, a weak acid, a salt of a strong acid, and a salt of a weak 
acid. Particularly preferred processes in accordance with the first aspect are those wherein steps 
a, b, and c, are accomplished using a six-port valve. 
5 A second aspect of the invention is an apparatus for detecting trace quantities of an anion 

in the presence of an excess of another anion, the apparatus comprising: (a) means for loading a 
liquid sample comprising the anion of interest and an excess of another anion onto a device 
selected from the group consisting of a concentrator and a sample loop; (b) means for reversing 
O flow through the device creating an eluent flow; and (c) a mass spectrometer adapted to accept 

0 the eluent flow, and thereafter used to detect the anion of interest, 
3 Particularly preferred are apparatus wherein means (a) and (b) comprise a sample- 

Ill injection device and a manifold, especially wherein the manifiald comprises multiple ports. Such 
M a manifold is preferably a six-port valve that may be moved between two positions, as further 
described herein. 

"^115 Means for loading liquid samples include a sampling pump, an autosampler, a pressurized 

hi vessel (typically and preferably pressurized via gas), a syringe, a vacuum supplied at a convenient 
H spot in the apparatus (typically a waste port), and combinations of these techniques. 

For loading via a sampling pump, a tube is placed into the sample container, the pump is 
turned on, and the sample liquid is pulled out and sent (via tubing on the pump's outlet) to a 
20 load/inject valve. An alternate method is to place a sucking pump (for example, a vacuum pump) 
on a waste port of the load/inject valve. The pump is then turned on to suck the sample into the 

sample loop or concentrator. 

An autosampler may be used to load the sample. The autosampler is preferably 
computer-controlled and accommodates multiple sample containers. Tubing extends from the 
25 sample container to the sampler, and tubing is attached to the load/inject valve. Preferably, the 
computer will automatically tell the sampler to load the various samples in a specific order and at 
specific times. 

For loading via a pressurized vessel, the sample container is placed in a vessel that can be 
pressurized with a gas. A tube goes into the sample container, through an opening in the vessel. 
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and to the load/inject valve. The sample is forced into the sample loop or concentrator when the 
vessel is pressurized. 

A syringe may used to load the sample by filling a syringe and attaching tubing from the 
syringe to the load/inject valve. The plunger of the syringe is pushed to force the liquid into the 
5 sample loop or concentrator. An alternate method is to place the syringe on a waste port of the 
load/inject valve. The plunger is then pulled to suck the sample into the sample loop or the 
concentrator. 

A third aspect of the invention is a process for detecting trace quantities of an anion of 
interest in the presence of an excess of another anion, in a liquid sample, the process comprising: 
a 0 (a) loading a liquid sample comprising the anion of interest and an excess of another anion onto a 
n sample loop; (b) moving the liquid sample through the sample loop through a first separator, 
^ creating a first eluent stream; (c) (i) routing the stream to waste if excess anion is present and (ii) 
if the anion(s) of interest is (are) present, routing the first eluent stream to a first anion suppressor 
r and creating a first anion-suppressor effluent; (d) flowing the first anion-suppressor effluent to a 
Hi 5 concentrator for trapping the anion of interest; (e) aligning the concentrator with a second 
M separator and reversing flow through the concentrator to produce a concentrator effluent; (f) 

1 M 

fi flowing the concentrator effluent through the second separator to create a second eluent stream; 
(g) routing the second eluent stream through a second anion suppressor and creating a second 
anion-suppressor effluent; and (h) routing the second anion-suppressor effluent through a mass 
20 spectrometer adapted to accept the second anion-suppressor effluent, and using the mass 
spectrometer for detecting the anion of interest. 

Preferred are those processes in accordance with this aspect of the invention wherein 
prior to step (a) - (h), a portion of the liquid sample is loaded onto the sample loop and moved 
through the sample loop, the first separator, a third anion suppressor, and an ion detector, thereby 
25 establishing timing when the anion of interest and the excess anion will leave the first separator. 
Particularly preferred is a process wherein steps (a) - (h) are accomplished using four six-port 
valves, as further described herein, and wherein steps (a) ~ (h) are controlled by a computer. 

A fourth aspect of the invention is an apparatus for detecting trace quantities of an anion 
in the presence of an excess of another anion, the apparatus comprising: 



(a) a sample loop having a first end adapted to be connected to a first 
connection selected from the group consisting of a sample-injection device and a first 
pump, and a second end adapted to be connected to a second connection selected from the 
group consisting of an inlet of a first separator and a waste port; 

(b) the first separator having an outlet connection adapted to be connected to a 
connection selected from the group consisting of a second waste port and an inlet of a 
first anion suppressor; 

(c) the first anion suppressor having an inlet connection adapted to be 
connected to a connection selected from the group consisting of a second pump and the 
outlet coimection of the first separator, and an outlet connection adapted to be selected 
from the group consisting of an inlet of a concentrator and a third waste port; 

(d) the concentrator having an inlet connection adapted to be connected to a 
connection selected from the group consisting of an inlet of a second separator and the 
outlet of the first anion suppressor, and an outlet connection adapted to be selected from 
the group consisting of a fourth waste port or a third pump; 

(e) the second separator having an inlet coimection adapted to be connected to 
a connection selected from the group consisting of the third pump or the concentrator 
inlet, and an outlet connection adapted to be connected to an inlet of a second anion 
suppressor, the second anion suppressor having an outlet connection; and 

(f) the second anion-suppressor outlet connection adapted to be connected to 
a mass spectrometer adapted to accept an effluent from the outlet of the second anion 
suppressor, and thereafter used to detect the anion of interest. 

A fifth aspect of the invention is a process for quantifying trace quantities of an anion in 
the presence of an excess of another anion, the process comprising: (a) loading a liquid sample 
comprising the anion of interest and an excess of another anion onto means selected from the 
group consisting of a concentrator and a sample loop by flowing the liquid sample there through 
in a first direction; (b) reversing the direction of flow through the concentrator or sample loop to 
form an eluent stream; and (c) flowing the eluent stream into a mass spectrometer adapted to 
accept the eluent stream, and using the mass spectrometer for quantifying the anion of interest. 



A sixth aspect of the invention is an apparatus for quantifying trace quantities of an anion 
in the presence of an excess of another anion, the apparatus comprising: (a) means for loading a 
liquid sample comprising the anion of interest and an excess of another anion onto a device 
selected from the group consisting of a concentrator and a sample loop; (b) means for reversing 
flow through the device creating an eluent flow; and (c) a mass spectrometer adapted to accept 
the eluent flow, and thereafter used to quantify the anion of interest. 

A seventh aspect of the invention is a process for quantifying trace quantities of an anion 
of interest in the presence of an excess of another anion in a liquid sample, the process 
comprising; 

(a) loading a liquid sample comprising the anion of interest and an excess of 
another anion onto a sample loop; 

(b) moving the liquid sample through the sample loop through a first 
separator, creating a first eluent stream; 

(c) (i) routing the stream to waste if excess anion is present and (ii) if the 
anion(s) of interest is (are) present, routing the first eluent stream to a first anion 
suppressor and creating a first anion-suppressor effluent; 

(d) flowing the first anion-suppressor effluent to a concentrator for trapping 
the anion of interest; 

(e) aligning the concentrator with a second separator and reversing flow 
through the concentrator to produce a concentrator effluent; 

(f) flowing the concentrator effluent through the second separator to create a 
second eluent stream; 

(g) routing the second eluent stream through a second anion suppressor and 
creating a second anion-suppressor effluent; and 

(h) routing the second anion-suppressor effluent through a mass spectrometer 
adapted to accept the second anion-suppressor effluent, and using the mass spectrometer 
for quantifying the anion of interest. 

Preferred are those processes in accordance with this aspect of the invention wherein 
prior to step (a) - (h), a portion of the liquid sample is loaded onto the sample loop and moved 
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throxigh the sample loop, the first separator, a third anion suppressor, and an ion detector, thereby 
establishing timing when the anion of interest and the excess anion will leave the first separator. 
Particularly preferred is a process wherein steps (a) - (h) are accomplished using four six-port 
valves, as further described herein, and wherein steps (a) - (h) are controlled by a computer. 

An eighth aspect of the invention is an apparatus for quantifying trace quantities of an 
anion in the presence of an excess of another anion in a liquid sample, the apparatus comprising: 

(a) a sample loop having a first end adapted to be connected to a first 
connection selected from the group consisting of a sample-injection device and a first 
pump, and a second end adapted to be connected to a second connection selected from the 
group consisting of an inlet of a first separator and a waste port; 

(b) the first separator having an outlet connection adapted to be connected to a 
connection selected from the group consisting of a second waste port and an inlet of a 
first anion suppressor; 

(c) the first anion suppressor having an inlet connection adapted to be 
connected to a connection selected from the group consisting of a second pump and the 
outlet connection of the first separator, and an outlet connection adapted to be selected 
from the group consisting of an inlet of a concentrator and a third waste port; 

(d) the concentrator having an inlet connection adapted to be connected to a 
connection selected from the group consisting of an inlet of a second separator and the 
outlet of the first anion suppressor, and an outlet connection adapted to be selected from 
the group consisting of a fourth waste port and a third pump; 

(e) the second separator having an inlet connection adapted to be connected to 
a connection selected from the group consisting of the third pump or the concentrator 
inlet, and an outlet connection adapted to be connected to an inlet of a second anion 
suppressor, the second anion suppressor having an outlet connection; and 

(f) the second anion-suppressor outlet connection adapted to be connected to 
a mass spectrometer adapted to accept an effluent from the outlet of the second anion 
suppressor, and thereafter used to quantify the anion of interest. 



A ninth aspect of the invention is a process for identifying an anion in the presence of an 
excess of another anion, the process comprising: 

(a) loading a liquid sample comprising the anion of interest and an excess of 
another anion onto means selected from the group consisting of a concentrator and a 
sample loop by flowing the liquid sample there through in a first direction; 

(b) reversing the direction of flow through the means to form an eluent 
stream; and 

(c) flowing the eluent stream into a mass spectrometer adapted to accept the 
eluent stream, and using the mass spectrometer for identifying the anion of interest. 

A tenth aspect of the invention is an apparatus for identifying trace quantities of an anion 
in the presence of an excess of another anion, the apparatus comprising: 

(a) means for loading a liquid sample comprising the anion of interest and an 
excess of another anion onto a device selected from the group consisting of a concentrator 
and a sample loop; 

(b) means for reversing flow through the device creating an eluent flow; and 

(c) a mass spectrometer adapted to accept the eluent flow, and thereafter used 
to identify the anion of interest. 

An eleventh aspect of the invention is a process for identifying trace quantities of an 
anion of interest in the presence of an excess of another anion in a liquid sample, the process 
comprising; 

(a) loading a liquid sample comprising the anion of interest and an excess of 
another anion into a sample loop; 

(b) moving the liquid sample through the sample loop through a first 
separator, creating a first eluent stream; 

(c) (i) routing the stream to waste if excess anion is present and (ii) if the 
anion(s) of interest is (are) present, routing the first eluent stream to a first anion 
suppressor and creating a first anion-suppressor effluent; 

(d) flowing the first anion-suppressor effluent to a concentrator for trapping 
the anion of interest; 



(e) aligning the concentrator with a second separator and reversing flow 
through the concentrator to produce a concentrator effluent; 

(f) flowing the concentrator effluent through the second separator to create a 
second eluent stream; 

(g) routing the second eluent stream through a second anion suppressor and 
creating a second anion-suppressor effluent; and 

(h) routing the second anion-suppressor effluent through a mass spectrometer 
adapted to accept the second anion-suppressor eluent, and using the mass spectrometer 
for identifying the anion of interest. 

Preferred are processes in accordance with the eleventh aspect wherein prior to step (a) - 
(h), a portion of the liquid sample is loaded onto the sample loop and moved through the sample 
loop, the first separator, a third anion suppressor, and an ion detector, thereby establishing timing 
when the anion of interest and the excess anion will leave the first separator. Particularly 
preferred is a process wherein steps (a) - (h) are accomplished using four six-port valves, as 
further described herein, and wherein steps (a) - (h) are controlled by a computer. 

A twelfth aspect of the invention is an apparatus for identifying trace quantities of an 
anion in the presence of an excess of another anion in sample, the apparatus comprising: 

(a) a sample loop having a first end adapted to be connected to a first 
connection selected from the group consisting of a sample-injection device and a first 
pump, and a second end adapted to be connected to a second connection selected from the 
group consisting of an inlet of a first separator and a waste port; 

(b) the first separator having an outlet connection adapted to be connected to a 
connection selected from the group consisting of a second waste port and an inlet of a 
first anion suppressor; 

(c) the first anion suppressor having an inlet connection adapted to be 
connected to a connection selected from the group consisting of a second pump and the 
outlet connection of the first separator, and an outlet connection adapted to be selected 
from the group consisting of an inlet of a concentrator and a third waste port; 
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(d) the concentrator having an inlet connection adapted to be connected to a 
connection selected from the group consisting of an inlet of a second separator and the 
outlet of the first anion suppressor, and an outlet connection adapted to be selected from 
the group consisting of a fourth waste port and a third pump; 

(e) the second separator having an inlet connection adapted to be connected to 
a connection selected from the group consisting of the third pump or the concentrator 
inlet, and an outlet connection adapted to be connected to an inlet of a second anion 
suppressor, the second anion suppressor having an outlet connection; and 

(f) the second anion-suppressor outlet connection adapted to be connected to 
a mass spectrometer adapted to accept an effluent from the second anion-suppressor 
outlet, and thereafter used to identify the anion of interest. 

Preferred apparatus in accordance with the fourth, eighth and twelfth aspects are those 
wherein the apparatus components are adapted to be connected as explained in the description 
and drawing figures herein. 

A further understanding of the invention will be had by reviewing the attached drawing 
figures, and by reading the description that follows. The drawings are not to scale and are 
intended to be illustrative only, and are not intended to limit the scope of the invention in any 
fashion. 

Brief Description of the Drawings 

FIGs. lA and IB illustrate a first embodiment of the methods and apparatus in 
accordance with the present invention, with a variation of this embodiment illustrated in FIGs. 
IC and ID; and 

Figures 2A, 2B, 2C, 2D, and 2E illustrate a second embodiment of the methods and 
apparatus in accordance with the present invention. 

Description of Preferred Embodiments 

For several years now, the art has been looking for possible approaches to detecting, 
identifying, and quantifying anions in concentrated strong acids, weak acids, salts of strong acids, 
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and salts of weak acids by ion chromatography (IC). In the semiconductor art, presently the acids 
that are problematic are the strong acids (hydrochloric acid, sulfuric acid, and nitric acid). By 
"strong" is meant having an extremely high dissociation constant. In other words, the acid is 
essentially 100% dissociated (i.e., fully ionized) in water. A strong monoprotic acid that is fully 
5 ionized has a hydrogen-ion concentration equal to the original molar concentration of the acid. 
In strong acids, the predominant anion cannot be eliminated by ion exclusion, since that 
technique is suitable only for acids that are considered "weak" (i.e., only partially dissociated in 
water) acids; for example, acetic acid, citric acid, and the like. However, methods of the present 

^ invention are preferred even for weak acids, salts of strong acids, and salts of weak acids. 

tfjO The present specifications for anions in the three strong acids currently used in 

O semiconductor manufacturing are shown in Table 1. 

Table I 



Anion 


HCl 


HNO3 


H2SO4 


cr 


X 


50 


50 


N03- 




X 


100 


S04^' 


30 


50 


X 


P04^" 


50 


50 


100 


S03'' 


100 







All specifications are in parts per billion (ppb). 

1 5 For the strong acids and the ions therein, as indicated in Table I, one must conceive other 

methods dealing for with the huge excess of the acid's anion. In the past, people have dealt with 
this problem in typical fashion, such as diluting the acid (and thereby ending up with less 
sensitivity) or by using column-switching techniques. In both of these situations, non-specific 
detectors have been used. Success has been rather limited. In any event, each acid must be 

20 approached separately. 

In accordance with the present invention, the inventor herein proposes to take advantage 
of the specificity of a mass spectrometer (MS) to help circumvent the chromatography problems. 
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One embodiment of the invention uses a concentrator to collect all of the anions in one batch, 
and then introduces the batch all at once into the MS. The MS is then set to scan just the masses 
of the analytes of interest. FIGS. 1 A and IB illustrate this embodiment of the invention. 

Referring specifically to FIG. lA, illustrated schematically is a six-port valve 2, which 
has a sample-inlet port 4, port 6, whose use will be described, and a port 8 for allowing liquid 
flow to move through a mass spectrometer 20. Another port 10 may be used to receive fluid 
from a pump 16, and yet another port 12 may receive fluid flow to or from a concentrator 18 
through tubing 26. A final port 14 allows liquid flow to waste. FIG lA illustrates the 
configuration of valve 2 that allows sample loading, sometimes referred to as the 'load position". 
The sample is loaded through port 4, traverses through port 6, and through tubing 24 into a 
concentrator 18 in the direction from end B to end A, as illustrated in FIG lA. Concentrator 18 
collects all the anions in a batch. Initially, liquid exiting concentrator 18 is routed to waste 
through tubing 26, and ports 12 and 14. Pump 16 initially pumps an eluent through port 10 and 
port 8 and through the mass spectrometer 20 to waste 22. 

Referring now to FIG. IB, after the sample is loaded and the anions are all concentrated 
in a batch on concentrator 18, valve 2 is switched so that ports 4 and 14 are aligned as well as 
ports 6 and 8 respectively, and ports 10 and 12 respectively. Pump 16 then pumps eluent through 
port 10, then port 12, then tubing 26, continuing through concentrator 18 and tubing 24. Eluent, 
now containing anion of interest, continues through port 6 and then port 8, and then finally onto 
the mass spectrometer 20 and waste 22. Ports 4 and 14 are not part of the flow path in this step. 

FIGs lA and IB may be summarized as in Table 2. 

Table 2 

Convention: 

(a) Valve in load position 

(i) Valve in inject position 
Direction of Flow 

Port 1 (reference numeral 6 in FIG. 1): 

(a) from sample container (via port 6) to end B of concentrator 18; 
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(b) from end B of concentrator 1 8 to mass spectrometer (MS) 20, via 

port 2; 

Port 2 (reference numeral 8 in FIG. 1): 

(a) from pump 16, via port 3 to MS 20; 

(b) from end B on concentrator 1 8, via port 1 , to MS 20; 
Port 3 (reference numeral 10 in FIG. 1): 

(a) from pump 16 to MS 20, via port 2; 

(b) from pump 16 to end A of concentrator 1 8, via port 4; 
Port 4 (reference numeral 12 in FIG. 1): 

(a) from end A of concentrator 1 8 to waste, via port 5; 

(b) from pump 16, via port 3, to end A of concentrator 18; 
Port 5 (reference numeral 14 in FIG. 1): 

(a) from end A of concentrator 1 8, via port 4, to waste; 

(b) from sample container, via port 6, to waste; 
Port 6 (reference numeral 4 in FIG. 1): 

(a) from sample container to end B of concentrator 1 8, via port 1 ; 

(b) from sample container to waste, via port 5. 

FIGs IC and ID are identical to FIGs lA and IB, respectively, except that conduits 24 
and 26, as well as concentrator 18, are replaced by a sample loop 25. (It should be understood by 
those of skill in the art that when using a sample loop, the port labeled "waste" could be a 
"sample-inject" port and vice versa.) 

One preferred mass spectrometer that is useful for the invention is a Finnegan AQA'^^ 
Mass Spectrometric Detector, which is supplied by Thermo Finnegan of Oakland, Califomia. 
Slight modifications of the mass spectrometer to accommodate a huge presence of hydronium ion 
(HsO^) may have to be made; these changes would be preferred in practicing the embodiment of 
FIGs. lA, IB, IC, and ID, as well as the embodiments illustrated in FIGs. 2A, 2B, 2C, 2D, and 
2E. One option would be to coat the internal walls of the mass spectrometer's inlet chamber and 
other internals so that corrosive products that might build up from the high concentration of 
hydronium ion or high concentration of excess anion will not interfere with the analysis. For 
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example, the internals may be coated with a material known under the trade designation 
TEFLON'^^, available from DuPont. Another option that might be used in conjunction with the 
first embodiment may be to increase the pumping or sucking power of the internal vacuum pump 
associated with the MS device. Since some analytes may slough off from the internal surfaces of 
5 the MS, or as acids and their corrosion products build up, the vacuum pump may have to be 
modified to increase its sucking power. Also, the electronics associated with the mass 
spectrometer may have to be modified, if necessary (either their settings or in their actual design), 
to accommodate the high concentrations of hydronium ion and excess anion. Electrical 
p compensation for the high presence of positive and negative charges may be necessary. 
JlO Concentrators, for example 18, as indicated in FIGS. lA, IB, IC, and ID, are well known 

u in the ion-chromatography art, and are preferentially columns. These columns are typically short 
in columns (preferably 15-50 millimeters in length) that contain the stationary phase that is identical 
iTl or similar to the separator used for the analysis. The function of a concentrator is to "strip" ions 
L from a measured volume of a relatively clean aqueous-sample matrix. This process 
■'415 "concentrates" the desired species, thereby leading to lower detection limits. Further 
y understanding of use of concentrator columns in ion chromatography may be had by reading 
f: "The Use of Concentrator Columns in Ion Chromatography," Technical Note 8, Dionex 
Corporation, Sunnyvale, California, 1 994, incorporated by reference herein. 

A second embodiment of the method and apparatus of the invention is illustrated 
20 schematically in FIGs. 2A-2E. 

FIG. 2A illustrates a technique useful for when a new sample is brought in to the 
laboratory for analysis, and the operator would like to know approximately when the anions of 
interest, and the excess anion, will elute from a given separator. Illustrated is a six-port valve 28, 
a sample loop 40, a first pump 38, and a first separator 36. First separator 36 is connected to an 
25 anion suppressor 44 via a conduit 41, and anion suppressor 44 is in tum connected to a detector 
37 by a conduit 43. (It should be understood by those of skill in the art that when using a sample 
loop, the port labeled "waste" could be a "sample-inject" port and vice versa.) The operation of 
anion suppressors is explained herein below. Using a set-up similar to that illustrated in FIG. 
2 A, new samples may be used in a first apparatus to determine approximately when the anions of 
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interest, and the excess anion, will elute from separator 36. Subsequently, as more samples of a 
similar nature come into the laboratory of a similar nature, operators may use the apparatus and 
methods of FIGs. 2B - 2E, as will now be explained. 

FIG. 2B illustrates schematically four different six-way valves 28, 30, 32, and 34, whose 
5 functions are further explained herein. An explanation of the settings of each port for each six- 
way valve is not included herewith and is assxmied to be readily understood by those skilled in 
the art. The first six-way valve 28 accepts a sample that is loaded onto a sample loop 40. The 
sample might, for example, be a sample of aqueous hydrochloric-acid solution for which the 
sulfate anion, S04^', is an anion of interest. The sample might be loaded, for example, through a 
%0 pressurized reservoir into sample loop 40. Sample loop 40 might, for example, be a 1000- 
Q microliter sample loop of tubing. Preferably, ultra pure helium or nitrogen at a given pressure 

V %l 

m above atmosphere (for example, 35 kPa (about 5 psig)) may be used to push sample from a 
fi sample container into sample loop 40 at a flow rate of about 1 milliliter per minute. This 
f technique ensures that a representative sample of a concentrated-acid sample is loaded onto the 
\il5 sample loop 40. It is preferred to pass at least four loop volumes through the sample loop 40 to 
JTs ensure reproducible sampling. 

G As indicated in FIG 2C, sample is then delivered into a first separator 36, and then on to a 

second six- way valve 30 having waste ports 31 and 33. First separator 36 separates the various 
anions, allowing the bulk of the excess anion to pass to waste through waste port 3 1 . Meanwhile, 
20 a second pump 42 pumps eluent through an anion suppressor 45, preferably an anion self- 
regenerating suppressor, such as available from Dionex Corporation, part number 53947 or 
53946. A second anion suppressor 52 is illustrated in FIGs. 2B-2E. First and second anion 
suppressors may be the same or different in terms of manufacturer and part number. 

As illustrated in FIG 2D, the eluent including anions of interest that elute either before or 
25 after the excess anion is then preferably sent through anion suppressor 45. In FIG. 2D, six-way 
valve 30 has one internal solid line that does not lead to waste. That line indicates that the 
effluent from first separator 36 is routed through first anion suppressor 45, through third six-way 
valve 32 and fourth six-way valve 34 and onto a concentrator 46, where anions of interest are 
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concentrated. Eluent now substantially devoid of anions of interest passes through six- way valve 
34 and out to waste at port 37. 

Once substantially all anions of interest are collected on concentrator 46, valves 30 and 
34 are switched to the positions indicated in FIG. 2E, and concentrator 46 is placed in line with a 
second separator 50, for actual analysis of the anions. Pump 48 forces eluent through valve 34, 
concentrator 46, back through valve 34, and to second separator 50. The eluent then passes 
through second anion suppressor 52, and then through a mass spectrometer 54 and ultimately to 
waste. 

Mixing reagents may optionally be added to the eluent as it flows from second anion 
suppressor 52 to mass spectrometer 54. This addition is indicated in FIGs. 2B-2E at 53. Mixing 
reagents function to allow the mass spectrometer to experience a friendlier working environment. 
Mixing reagents may be comprised of organic and inorganic ingredients, A non-complete list 
might include solvents such as alcohols, water, and buffers (such as acetate buffers) and mixtures 
thereof. 

The protocol indicated in FIGs. 2B-2E eUminates much of the predominant anion and 
provides a cleaner, focused matrix for introduction onto the second separator 50. Trapping the 
anions of interest after the first separator 36 reconcentrates and refocuses the anions, thereby 
improving the sensitivity of the method. Background anion suppression is preferred first, 
because the ions will trap onto concentrator 46 only if they are essentially in a water matrix. The 
anion suppressor essentially changes the mobile phase, typically and preferably comprising an 
aqueous solution of base, to water. A detailed discussion of anion suppressor operation may be 
found in "Installation Instructions and Troubleshooting Guide for the Anion Self-Regenerating 
Suppressor-Ultra", Doc. 031367, Dionex Corporation, October 19, 1999, which is incorporated 
by reference herein. 

The above embodiments are not exclusive of other variations, which may become 
apparent to those skilled in the art. The inventor herein has utilized the specificity of a mass 
spectrometer to circumvent problems and deficiencies with chromatography. There may always 
be an unknown substance that has the same retention properties as one of the analytes in a 
chromatography scheme. In such a case, retention time alone is not sufficient to establish 
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identification of an analyte. The coupling of ion chromatography with mass spectrometry can 
help these situations. In these situations, a substance is ionized so that it will break apart into 
fragments; the fragmentation pattern for each chemical is distinct and also is reproducible from 
one analysis to the next. These facts make mass spectrometry one of the best means of 
identifying a substance conclusively. The present invention links a chromatographic system, ion 
chromatography (IC), with mass spectrometry. The chromatography portion is accomplished 
first. As the eluent exits the final separator, the liquid is directed onto the mass spectrometer for 
fragmentation and identification of each component. The resulting pattern can help confirm if 
each substance is the same as what the retention time indicates. 

Preferred apparatus and processes for practicmg the present invention have been 
described. It will be understood and readily apparent to the skilled artisan that many changes and 
modifications may be made to the above-described embodiments v^dthout departing from the 
scope of the present invention. The foregoing is illustrative only, and other embodiments of the 
processes and apparatus may be employed without departing from the scope of the invention 
defined in the following claims. 



